Virtual source imaging is a technique based on extracting the Green's function that characterizes wave propagation between two receivers by cross-correlating the wave-fields recorded by these receivers. We focus on implementation issues in generating a virtual source gather from a multi-component OBC data recorded at the Mars field. The implementation issues include choice of the receiver that acts as the virtual source and the number of sources over which the cross-correlated data is stacked. The pre-stack correlated data (correlation gather) is a useful diagnostic for quality control and for assessing the source locations that give a stationary phase contribution. By stacking over specific source locations, we restrict the direction of the incoming energy and generate virtual source gathers containing arrivals within a specified horizontal slowness interval. We compare the virtual source gather generated by using a small number of sources to the virtual source gather generated by using a larger source aperture for stacking. Artifacts due to the traces at the edges of the source aperture can be suppressed by applying a taper before stacking the correlation gather. Another artifact observed in virtual source gathers is due to side-lobes of the auto-correlation of the source-time function. We show the use of dualsensor summation to separate the up-and the down-going energy in the raw data and using that to generate virtual source gathers containing only the upgoing energy, hence attenuating the free-surface multiples.
INTRODUCTION
Virtual source imaging is a technique applied by Bakulin and Calvert (2004) at Shell to the Peace River data for imaging below a complex near-surface overburden without any knowledge of the overburden velocity or temporal near-surface changes. This technique, also referred to as seismic interferometric imaging, is based on extracting the Green's function that characterizes the wave propagation between any two pair of receivers by cross-correlating the wave-fields recorded by the two receivers (Snieder, 2004; Wapenaar, 2004; Wapenaar, et.al., 2005; Derode, et.al., 2003; Schuster, 2004; Lobkis and Weaver, 2001 ). An important advantage of virtual source imaging is that the wave-field recorded by the two receivers can be generated either by active sources or by incoherent sources such as ambient noise (Sabra, et.al., 2005; Shapiro, et.al., 2005; Shapiro and Campillo, 2004) . To understand the practicality of seismic interferometry, van Wijk (2006) used a controlled ultrasonic experiment to retrieve a band-limited estimate of the Green's function between receivers in an elastic medium.
In contrast to using cross-correlation, Snieder and Şafak (2006) used deconvolution as a seismic interferometric tool to extract the building response from the incoherent motion of the building. Similar analysis on earthquake data recorded in a borehole was done by Mehta, et. al. (2006) to extract the near-surface properties. Snieder, et.al. (2006) showed that the deconvolved waves are also the solution of the same wave equation but with different boundary conditions. In this paper we focus on implementation issues for generating the virtual source gathers and apply to field data. We generate virtual source gathers by crosscorrelating the wave-field recorded at a given reference receiver, which acts as the virtual source, with the wavefield recorded at all the other receivers, and stack over all source locations. While generating the virtual source gathers, we can choose the receiver that acts as the virtual source, and also the number of sources over which the correlation gather is stacked. Hence, as we show in this paper, virtual source gathers containing arrivals within a specified slowness interval can be generated using suitable combination of receiver acting as the virtual source and the sources used for stacking the correlation gather.
We apply this to multi-component oceanbottom cable data recorded at the Mars field (www.rigzone.com/data/projects). The Mars field is located in the Gulf of Mexico. Figure 1 shows a cartoon of the acquisition geometry. The geometry consists of 360 shots fired (spaced every 25 m) on the sea-surface with 120 multicomponent sensors (spaced every 50 m) permanently stationed on the sea-floor 1 km deep. As shown in Figure 1 these 360 shots are divided into 9 panels. The horizontal bar in shot panel 7 indicate missing shots.
In section 2 we describe the implementation procedure for generation of the virtual source gathers. The sub-sections in 2 focus on how we can restrict the direction of the incoming energy in order to generate virtual source gathers containing arrivals within a specified horizontal slowness interval, and on how to diagnose edgeeffects in the virtual source gather. In section 3 we apply dual-sensor summation to the virtual source gathers to attenuate the receiver ghost and the free-surface multiples.
GENERATION OF VIRTUAL SOURCE GATHERS
Let us concentrate momentarily on the hydrophone component of a raw shot gather in Figure 2 . It depicts a direct arrival (A) that propagates with the water velocity (1500 m/s), refractions (B) and reflections (C). The group of events marked by D correspond to the noise because of a service boat for the platform. This boat sits docked to the platform for prolonged periods while loading/unloading supplies during data acquisition. An important consideration in generating a virtual source is the location of the sources over which the correlated data is stacked. Stationary phase analysis is one approach to diagnose the source locations that give a stationary phase contribution (Wapenaar, et.al., 2005; Snieder, et.al., 2006) . Figure 3 shows a gather with each trace representating the cross-correlation of the waves recorded by the hydrophone at receiver 1 with the waves recorded by the hydrophone at receiver 120 for a given source location. This is referred to as correlation gather. The waves in the correlation gather has two peaks corresponding to two stationary phase points. They are Correlation gather generated by cross-correlating the wave-field recorded by the hydrophone in the receiver 1 with the wave-field recorded by the hydrophone in the receiver 120 for all source locations. The horizontal axis corresponds to source locations. The peaks indicated by boxes 1 and 2 correspond to the sources giving stationary phase contribution. The arrow points to the discontinuity due to the missing shots in source panel 7. In order to highlight the shape of the correlation gather, it has been low-pass filtered.
shown in boxes labeled 1 and 2. The arrow indicates a discontinuity in the correlation gather that is caused by the missing shots in source panel 7. We applied low pass filtering (cut-off frequency = 15 Hz) to the correlation gather to highlight events as seen in Figure 3 . To generate a virtual source gather, we stack the correlation gather over all the sources to get a trace that represents the wave-field recorded by receiver 120 as if there was a source located at the position of receiver 1. Since receiver 1 is not a real source, it is referred to as the virtual source (Bakulin and Calvert, 2004) . We generate similar virtual source gathers by cross-correlating receiver 1 with every other receivers and stacking over the source locations. We can also cross-correlate all the receivers with any other reference receiver, which then acts as our virtual source. In the stack, the non-zero contribution is due to the physical sources (shown in the boxes 1 and 2) that sit on the stationary path; the sources placed at other locations give contributions that interfere destructively. Instead of stacking over all sources, we can also stack over a sub-set that includes the sources that give stationary phase contribution. We show in the subsequent sub-section that the property of being able to stack over different panels of sources can be used to separate waves coming with different slownesses. Figure 4 shows, for the hydrophone, the virtual source gather with receiver 1 as the virtual source. In this case the correlation gather is stacked over the sources in panel 1. The gather looks similar to a conventional shot gather. Direct arrival (A) along with a few refractions are visible. One strong reflection (B) can also be seen in this virtual source gather. Figure 3 shows that for t > 0, source panel 3 contain the sources that give stationary phase contribution. If instead of stacking over panel 1, we stack the correlation gather over source panel 3, we obtain virtual source gather as shown in Figure 5 . Apart from a few refractions, most of the arrivals are reflections either from the subsurface or from the free-surface. There is a difference in the virtual source gathers obtained by stacking over source panel 1 as compared to stacking over source panel 3 because the waves arriving from source panel 3 has a different slowness compared to those from panel 1. Even though source panel 1 does not contain sources that give stationary phase contribution, we see in Figure 4 the direct arrival along with refractions and a reflection event. However, the signal to noise ratio in this virtual source gather is lower than the virtual source gather generated with sources that give stationary phase contribution ( Figure 5 ).
Separating waves arriving with different slownesses
Virtual source gathers generated by stacking over different source panels can, hence, be used to separate the waves propagating with different slownesses. This is similar to beam steering (Poletto and Miranda, 2004; Sheriff, 1999) or "focused stack" which emphasizes energy from a particular direction. The raw shot gather (Figure 2) shows the direct arrival, refractions and reflections. In contrast, virtual source gathers generated by stacking over different source panels can be used to separate the reflections from the direct arrival and refractions. Figure 5 shows three strong events occuring at 1.4, 2.8 and 4.2 s that are marked by letters A, B and C respectively. The arrivals correspond to the reflections from the free-surface (i.e., free-surface multiples) as shown in Figure 6 . In The box A indicates the artifact due to waves coming only from one side of the virtual source, which is caused by use of a small source aperture located to the left of the virtual source. Spurious events shown by B are due to the side-lobes in the auto-correlation. The artifacts due to the edges are indicated by C and are highlighted by a dashed line for farther offset.
is an artifact that is caused by edge-effects associated with truncation of the stack over finite number of shots. We discuss this artifact in the next sub-section.
Edge-effect
To illustrate the edge-effect in the creation of virtual source gathers, we consider the virtual source gather for hydrophone with receiver 60 as the virtual source (Figure 7) . The correlation gather is stacked over the sources in panel 5 because it gives the stationary phase contribution. The two thin perpendicular lines mark zero time and the location of the virtual source. The wave-field for t > 0 consists mainly of the direct arrival, refractions and a strong reflection (D). The wave-field for t < 0, however is different. Let us go through the events marked by A through E.
• A: Box A shows a series of spurious arrivals that are caused because we stack the correlation gather over a small sub-set of sources (shot panel 5). We show in later part of this sub-section that these spurious events average out by using a larger source aperture such that energy comes from all possible directions. If we had a complex heterogeneous overburden instead of water, even with such a small number of sources we would get incoming energy from a larger range of directions due to scattering.
• B: The weak arrivals marked by B have move-out parallel to the direct arrival. These arrivals correspond to the side-lobes of the auto-correlation of the sourcetime function and can be removed by deconvolving all the traces in the correlation gather with the power spectrum of the source signal before stacking over the sources.
• C: The direct arrival extends to negative times to give two spurious arrivals shown by C. These arrivals are extended by dashed thin lines to highlight the shape of the artifact with increasing offset and correspond to truncation of the stack over the sources. To diagnose the shape of the artifact, we plot the travel-time difference curves (Figure 8) representing the difference of the travel-time for wave-field to travel from the two sources (each at the an end of source panel 5) to receiver 60 and travel-time for the wave-field to travel from the same sources to the receivers 1 through 59 using the water velocity as 1500 m/s. Figure 9 shows that the traveltime difference curve agrees well with the kinematics of the artifact due to the edge-effect and, hence, is a good diagnostic for estimating the shape of the artifact caused by the edge-effect. A simple way to attenuate the edge-effect is to taper the cross-correlated data or stack . Virtual source gather for hydrophone with receiver 60 as the virtual source and source panel 5 used for stacking. Linear tapering is applied at the end traces in the correlation gather to attenuate the artifacts due to edgeeffects (indicated by C in Figure 7 ). over a larger source aperture. We apply a linear taper to the last 15 traces on each side in the correlation gather prior to stacking, and show in Figure 10 that applying linear taper results in a virtual source gather without the artifacts due to edge-effects.
• D and E: Similar to the strong reflection (D) at 1.4 s, there is also a reflection (E) for t < 0. Figure 11 shows two cartoons to explain the two reflection events (D and E). The reflection event for negative times (E) is seen because of the waves that arrive at a receiver to the left of receiver 60, gets reflected and then arrives at receiver 60 (Figure 11a ). In contrast, the reflection event for positive times (D) is seen because of the waves that arrive at receiver 60, gets reflected and then arrives a receiver to the right of receiver 60 (Figure 11b ).
If, instead of using only the source panel 5, we use all the sources for stacking, we get the virtual source gather shown in Figure 12 . The waves form an "X" shape with the two events intersecting at time t=0 and correspond to the direct arrivals for both negative and positive offsets (with respect to receiver 60) and times. The reflections (D and E in Figure 7) at ± 1.4 s are now visible for both the negative and positive offsets and times. Also the artifacts (A and C in Figure 7 ) have averaged out because of using a larger source aperture. Figure 13 shows that application of similar tapering to the correlation gather for virtual source gather with receiver 1 as the virtual source leads to attenuation of the artifact that was highlighted with an ellipse in Figure 5 . The arrow in Figure 3 indicates the location of the missing shots in source panel 7. Stack over the sources in this panel will give edge-effects not only due to sources located at the ends of the source aperture but also due to this discontinuity. Hence, it is essential to apply tapering to the traces close to such discontinuities along with the traces at the ends of the source aperture.
ATTENUATION OF FREE-SURFACE MULTIPLES
In the virtual source gather with receiver 1 as the virtual source and the correlation gather stacked over source panel 3 (Figure 5 ), the strong reflections shown by arrows correspond to the reflections from the freesurface. The reflections from the subsurface is up-going energy. In contrast, the the free-surface multiples contain down-going energy. Since we have both the hydrophone and vertical geophone recording, we use dualsensor summation (Jiao, et.al., 1998; Barr, et.al., 1996; Barr, 1997; Barr and Sanders, 1989; Barr, et.al., 1997; Dragoset and Barr, 1994; Paffenholz and Barr, 1995; Ball and Corrigan, 1996; Soubaras, 1996; Canales and Bell, 1996; Loewenthal, 1994; Loewenthal and Robinson, 2000; Robinson, et.al., 1999) to separate the up-going . Virtual source gather for hydrophone with receiver 1 as the virtual source and source panel 3 used for stacking. Linear tapering is applied at the end traces of the correlation gather to attenuate the artifacts due to edgeeffect. The effect of tapering is shown by the ellipse as compared to the region highlighted by the ellipse in Figure 5 .
and the down-going waves. The dual-sensor summation separates efficiently the up-going and down-going energy for waves arriving at normal incidence. Using the recordings of both the hydrophone (H) and the vertical geophone (Z), the sum H+Z gives the down-going energy and difference H-Z gives the up-going energy. We use the separation of the up-going and down-going waves to attenuate the free-surface multiples. Before we take the sum and difference of the hydrophone and the vertical geophone, it is essential to calibrate the vertical geophone to the hydrophone because there could be coupling variations and/or amplifier gain differences in the hydrophone and the vertical component geophone. The calibration of the vertical geophone to the hydrophone is done as follows. The first step is to align the first arrivals of hydrophone and vertical geophone for small offset traces using the geometry and cross-correlation. We then average the first arrivals over the hydrophone and the vertical geophone separately so as to average out any contribution from reflectors near the sea-floor. The hydrophone records the wavefield that can be represented as : D*(1+R) where D is the direct arrival and R is the water bottom reflection coefficient. In contrast, the vertical geophone records D*(-1+R). We know that in the time gate below the direct arrival and above the free-surface reflection, the data should be up-going. Using this information, we de- Linear tapering is applied at the end traces of the correlation gather to attenuate the artifacts due to edges. Apart from the free-surface multiples shown by arrows, there is an incoherent jitter for small offsets (highlighted by the box).
termine a scalar value per vertical geophone and apply it before doing the dual-sensor summation.
The geometry of Figure 1 shows that the angle at which the waves arrives at the receivers is not normal and depends on the source-receiver offset. For angle of incidence θ, instead of H+Z, the down-going waves are strictly given by H+Z/cos θ. Similarly, H-Z/cos θ describes the up-going waves. For this paper, however, we ignore the cosine factor and analyze the virtual source gathers generated by cross-correlating hydrophone with H+Z and H-Z respectively because there are no drastic variations in the virtual source gather generated by taking into account the variation of the incidence angle with the source/receiver offset.
For the virtual source gather in Figure 5 we crosscorrelated the hydrophone recording at the receiver acting as the virtual source with the hydrophone recording at all the other receivers and then stacked over the sources. We correlated the entire wave-field, including both the up-going and the down-going energy. This resulted in a virtual source gather containing both the up-going and the down-going energy. Using the dualsensor summation, we can separate the up-going and the down-going energy in the raw shot gathers and use those to generate virtual source gathers containing only the up-going or only the down-going energy. If instead of correlating the entire wave-field, we correlate the hydrophone recording at the virtual source with the H-Z wave-field (up-going energy) at all the other receivers, we obtain the virtual source gather as shown in Figure 14 . Since the entire wave-field is correlated with the up-going energy, the resulting virtual source gather shows the down-going energy that consists mainly of a direct arrival along with the freesurface multiples. Unlike in Figure 5 , the virtual source gather shown in Figure 14 contains an incoherent jitter in the near offset as shown in the box. We see in Figure 5 that this incoherent jitter does not show up when the full wave-field of the hydrophone is used for crosscorrelation. Hence, the incoherent energy is due to the contribution of the vertical component.
To diagnose the cause of the jitter, we generate the virtual source gather using the vertical geophones. The virtual source gather with receiver 1 as the virtual source and the correlation gather stacked over source panel 3 is shown in Figure 15 . Apart from the direct arrival and prominent free-surface multiples, the gather also contains the incoherent jitter in the near offset, suggesting that the jitter we see when hydrophone is correlated with H-Z is coming from the vertical component. Schalkwijk, et.al (2003) Linear tapering is applied at the end traces of the correlation gather to attenuate the artifacts due to edges. This results in the attenuation of both the direct arrival and the freesurface multiples, hence bringing out the reflections due to the reflectors in the subsurface.
position of multicomponent ocean-bottom seismic waves into down-going and up-going energy. They explain this jitter as the cross-coupling of the vertical component with the horizontal components, and they show that these events deteriorate the decomposition result if they are not removed. Schalkwijk, et. al. (1999) proposed to remove the cross-coupling by optimally subtracting the horizontal velocity components from the vertical component. If we correlate the entire hydrophone wave-field with the up-going energy we get the virtual source gather consisting mainly of the down-going energy. In order to attenuate the free-surface multiples, which correspond to down-going energy at the array, we correlate the hydrophone recording at the virtual source with the H+Z wave-field at all the other receivers. Since H+Z wave-field contains mainly the down-going waves, we get the virtual source gather containing mainly the upgoing waves as shown in Figure 16 . The direct arrival is attenuated and so are the free-surface multiples which were the prominent events in the virtual source gather generated using the entire hydrophone wave-field. Since this virtual source gather consists mainly of the up-going energy, we see reflection events that are coming off the reflectors in the subsurface. Hence, using the dualsensor summation, we can separate the up-going and the down-going waves to isolate the reflections coming off the subsurface from other events such as the direct arrival and free-surface multiples.
CONCLUSION
Virtual source gathers are generated by crosscorrelating the wave-field recorded at a reference receiver, which acts as the virtual source, with the wavefield recorded at all the other receivers and then stacking over the source locations. We show that the stack over a selected panel of source locations allows us to separate waves arriving with different horizontal slownesses. The correlation gather is a useful for quality control and for assessing the source locations that give a stationary phase contribution and hence can be used for stacking. The sources giving stationary phase contribution are seen as the two peaks in the correlation gather.
In the process of generating the virtual source gathers, it is important to apply tapering to the traces at the end before stacking the correlation gather. This suppresses the artifacts caused by abrupt truncation of the sum over sources. For this case study we show that the artifacts due to the edge-effects can be diagnosed using the travel-time difference curve for the sources at the two ends of the aperture. Another artifact arises due to the side-lobes of the auto-correlation of the source-time function. This artifact can in principle be removed by deconvolving all the traces in the correlation gather with the power spectrum of the source signal before stacking over the sources.
The free-surface multiples can be attenuated using the dual-sensor summation to separate the up-going and the down-going waves. Although, in theory, the dualsensor summation works only for normal incidence, we are able to separate the wave-fields that consists mainly of the down-going and the up-going waves. There are no drastic variations in the virtual source gather generated by taking into account the variation of the incidence angle with the source/receiver offset.
